We summarize our recent proposal of explaining the discrepancy between the bottle and beam measurements of the neutron lifetime through the existence of a dark sector, which the neutron can decay to with a branching fraction 1%. We show that viable particle physics models for such neutron dark decays can be constructed and we briefly comment on recent developments in this area. PRESENTED AT 13
Neutron Lifetime
In the Standard Model (SM), the dominant neutron decay channel is beta decay,
along with radiative corrections involving one or more photons in the final state. The theoretical prediction for the neutron lifetime is [2] τ SM n = 4908.7(1.9) s |V ud | 2 (1 + 3g
where g A is the ratio of the axial-vector to vector coupling. By using the average V ud and g A values extracted from experiments and reported by the Particle Data Group (PDG) [3] , one gets 875.3 s < τ n < 891.2 s within 3 σ. In turn, a recent lattice calculation of g A [4, 5] yields τ n = 885 ± 15 s. On the experimental side, there are two types of neutron lifetime measurements: the bottle method and the beam method.
In bottle experiments, neutrons are trapped in a container and their number (N n ) is determined as a function of time. The decaying exponential is fit to the data, N n (t) = N n (0) e −t/τ bottle n (3) and the neutron lifetime is extracted. Those types of experiments measure the total neutron lifetime. The PDG average based on five bottle experiments [6, 7, 8, 9, 10] is τ bottle n = 879.6 ± 0.6 s ,
with recent measurements [11, 12] lying within 2 σ of this average. The beam experiments, on the other hand, arrive at the neutron decay rate by counting the resulting protons (N p ). Determining also the number of neutrons in the beam (N n ) which those protons came from, the neutron lifetime is obtained via
The SM predicts Br(n → p + anything) = 1, so without new physics the two lifetimes should be identical, τ
However, if there exists some other neutron decay channel(s) with no protons in the final state, then Br(n → p + anything) < 1 and
The PDG average based on two beam experiments [13, 14] (see also Ref. [15] ) is
which is in 4.0 σ tension with the bottle result and suggests that Eq. (6) holds.
This discrepancy might be a result of some systematic uncertainties that were not accounted for. However, it may well be an effect of new physics. We explore the latter possibility, for which the bottle and beam results imply
with the remaining 1% coming from neutron dark decays involving, but not limited to, particles beyond the SM in the final state.
Neutron Dark Decay
Let us denote the final state of neutron dark decay by f and the sum of the final state particle masses by M f . Obviously, the upper bound is the neutron mass, M f < m n . The lower bound on M f arises from nuclear stability. The SNO [16] and KamLAND [17] experiments looked for signatures of a neutron disappearing inside 16 O and 12 C nuclei. The scenarios considered involved the daughter nucleus in an excited state, leading to subsequent de-excitation with the emission of secondary particles, e.g. gamma rays. The bound on the neutron lifetime of τ n→invisible > 5.8 × 10
29 years was established, a value adopted by the PDG as the constraint on neutron invisible decays. However, if M f is close enough to m n , i.e., m n − S n < M f < m n , where S n is the neutron separation energy in a given nucleus, the neutron dark decay would remain allowed, while the corresponding nuclear decay would be kinematically forbidden.
The tightest bound of this type comes from the requirement of 9 Be stability. The 9 Be nucleus has a neutron separation energy of S n ( 9 Be) = 1.664 MeV. If kinematically allowed, a neutron dark decay would lead to 9 Be → 8 Be + f . However, this nuclear decay is forbidden if M f > m n − S n ( 9 Be), leading ultimately to the requirement 937.900 MeV < M f < 939.565 MeV ,
which also assures proton stability. The nonzero mass window in Eq. (9) opens the door to a whole rage of possibilities for the neutron dark decay final states: dark particle + photon, two dark particles, dark particle + e + e − pair, etc. Below we focus on the first two cases.
Neutron → dark particle + photon
In this minimal case, the neutron dark decay n → χ γ final state consists of a dark particle χ with a mass in the range 937.900 MeV < m χ < 939.565 MeV ,
and a monochromatic photon with energy anywhere between
where the lower bound corresponds to m χ being close to m n .
If χ is a dark matter particle, it then has to be stable. In particular, it cannot decay to a proton and an electron, thus m χ < m p + m e . This leads to a narrower allowed energy range for the photon, 0.782 MeV < E γ < 1.664 MeV.
An example of an effective theory describing the decay n → χ γ is given by
where g n is the neutron g-factor and ε is a model-dependent mixing parameter with dimension of mass. This Lagrangian yields the neutron dark decay rate
which needs to be ≈ 1% of the total neutron decay rate to explain the discrepancy between bottle and beam experiments. A viable particle physics model for the dark decay n → χ γ is provided by Model 1 in Sec. 3.1.
Neutron → two dark particles
The second, truly dark scenario involves a dark fermion χ and a dark scalar φ in the final state, interacting with the neutron via an intermediate fermionχ. The neutron dark decay is n →χ * → χ φ and the condition in Eq. (9) takes the form 937.900 MeV < m χ + m φ < 939.565 MeV .
In this case χ does not need to have a mass close to the neutron mass. In particular, the masses of both χ and φ could be ∼ 470 MeV. However, the additional requirement mχ > 937.9 MeV (15) is necessary to prevent nuclear decay withχ in the final state, e.g. 9 Be → 8 Be +χ. Both particles χ and φ may be stable if their masses satisfy
An effective description of n → χ φ is provided by the Lagrangian
which yields the neutron dark decay rate
In Eq. (17), the function
, where x = m χ /m n and y = m φ /m n .
If mχ > m n , then n → χ φ is the only available neutron dark decay channel and the expression in Eq. (17) should give 1% of the total neutron decay rate in order to account for the experimental discrepancy. If, on the other hand, mχ < m n , then a second decay channel, n →χ γ, is also present and the ratio of the two decay rates is
wherex = mχ/m n . To explain the neutron lifetime discrepancy the two decay rates, ∆Γ n→χγ and ∆Γ n→χφ , have to add up to 1% of the total neutron decay width. A particle physics realization of the scenario n → χ φ is provided by Model 2 in Sec. 3.2.
Particle Physics Models
Let us first note that our proposal of neutron dark decay is phenomenological in its nature and the simplest particle physics models provided below serve only as an illustration of selected scenarios, with more complex dark sectors left to be explored.
Model 1
χ Figure 1 : Neutron dark decay n → χ γ in Model 1.
The minimal particle physics model for the neutron dark decay involves only two new particles: a Dirac fermion χ and a colored scalar Φ. We choose Φ to be a color triplet with hypercharge −1/3. The Lagrangian of the model is
where u c L is the charge conjugate of u R . A schematic diagram for the neutron dark decay n → χ γ is shown in Fig. 1 .
By matching the Lagrangian in Eq. (19) to the effective Lagranian in Eq. (12), one arrives at the neutron dark decay rate given by Eq. (13) with ε = β λ q λ χ /M To reproduce the branching fraction ∆Γ n→χγ ≈ 0.01/τ n required to explain the neutron lifetime discrepancy, and taking for example m χ = 937.9 MeV, the remaining parameters of the model have to satisfy
which shows that Φ can easily avoid all collider constraints. Having a model with χ being a Dirac particle rather than Majorana makes it free from neutron-antineutron oscillation [18] and dinucleon decay [19] constraints, which would otherwise exclude the model. Note that assigning B χ = 1 and B Φ = −2/3, Model 1 conserves baryon number. A model with a pure dark neutron decay channel involves four new particles: a Dirac fermion χ and a scalar φ in the final state, an intermediate Dirac fermionχ and the colored scalar Φ introduced before (see Fig. 2 ). The Lagrangian is similar to the previous one, with an additional interaction between χ,χ and φ,
Model 2
Assigning Bχ = B φ = 1 and B χ = 0, baryon number is again conserved. Matching the Lagrangian in Eq. (21) to the effective theory described by the Lagrangian in Eq. (16), adopting m χ = 937.9 MeV, m φ ≈ 0 and mχ = 2 m n , the required condition on the remaining parameters is
again consistent with collider constraints. As discussed above, if mχ > m n this pure dark decay channel is the only option and its branching fraction should be 1%. For mχ < m n the decay n →χ γ also becomes available, and there is a competition between the two channels, with their rates adding up to 1%.
Recent Developments
Our neutron dark decay proposal inspired several avenues of investigation, both on the theoretical and the experimental side. We discuss some of the follow-up papers below.
Theory and model building
• Neutron stars
In Refs. [20, 21, 22 ] the impact of neutron dark decays on the stability of neutron stars was considered. It was shown that for a final state dark particle with strong repulsive self-interactions, neutron dark decays can be sufficiently blocked such that the observed neutron star masses (up to two solar masses) are allowed. This can be achieved, for instance, by adding to our representative models discussed in Sec. 3 a dark vector boson interacting with the dark particles. Such a strongly interacting dark sector fits well into the paradigm of self-interacting dark matter (SIDM), which was proposed almost twenty years ago to cure the core-cusp problem and the missing satellite problem of the ΛCDM cosmological model [23] .
• Models with SIDM A minimal model of this type, consistent with all astrophysical constraints, was constructed in Ref. [24] , where the neutron dark decay n → χ A was considered. The dark photon A provides the repulsion between the dark particles needed to stay in agreement with the observed neutron star masses. The dark particle χ can make up a fraction of the dark matter in the universe.
A model in which χ can account for all of the dark matter in the universe was proposed in Ref. [25] . The resulting neutron dark decay channel is n → χ φ , just like in our Model 2. In addition, a vector particle was introduced to induce self-interactions of χ and satisfy neutron star constraints. Assuming non-thermal dark matter production in the early universe, this model is consistent with astrophysical constraints and solves the small-scale structure problems of the ΛCDM paradigm.
• Hadron dark decays
In Ref. [26] the idea of neutron dark decay was generalized to other neutral hadrons, in particular K 0 L and B 0 . A representative model for the dark sector was constructed, in which the neutral mesons decay to two dark fermions, whereas the neutron decays to three dark fermions. Neutron dark decays in neutron stars are prevented by Pauli blocking, similarly to the SM neutron beta decays.
• Baryogenesis It was argued in Ref. [27] that the SIDM model with the neutron dark decay channel n → χ A can lead to low-scale baryogenesis. An independent model analogous to our Model 2, in whichχ couples to additional quark flavors and χ is a Majorana particle [28] , was shown to also provide a new mechanism for low-scale baryogenesis.
• Related ideas It was pointed out in Ref. [29] that the value of g A in Eq. (2) obtained from averaging the experimental data taken after the year 2002 favors the bottle result for the neutron lifetime. Motivated by this, models have been constructed in which it is the bottle measurement that should agree with the SM prediction for the neutron lifetime and not, like in our proposal, the beam result. The explanation of different outcomes of the two types of experiments was done either by postulating neutron-mirror neutron oscillations that are enhanced in the presence of a magnetic field (thus affect only the beam measurement) [30] or by postulating a large Fierz interference term [31] .
Experimental searches
• Neutron → dark matter + photon Within the first month after our results were announced, a dedicated experimental search for the monochromatic photon from the neutron dark decay n → χ γ was performed [32] . This search challenged the scenario with Br(n → χ γ) ≈ 1% for a photon of energy in the range 0.782 MeV < E γ < 1.664 MeV with significance 2.2 σ.
The case E γ < 0.782 MeV was not explored.
• Neutron → dark particle + e + e − A dedicated experimental search for the neutron dark decay channel n → χ e + e − [33] excluded Br(n → χ e + e − ) ≈ 1% for e + e − pairs with energies E e + e − 2 m e + 100 keV at a very high confidence level.
• Nuclear dark decays
In our original work [1] we suggested looking for neutron dark decay-induced decays of unstable nuclei. Such nuclear decays would be possible since some unstable nuclei, e.g. 11 Li, 11 Be, 15 C and 17 C, have a neutron separation energy S n smaller than that in 9 Be. Those types of nuclei would undergo dark decays if the dark particle mass happened to be in the range 937.9 MeV < m χ < m n − S n .
We proposed looking for nuclear dark decay signatures using 11 Li. However, it was pointed out in Ref. [34] that 11 Be with S n ( 11 Be) ≈ 0.5 MeV is a better candidate from an experimental perspective. The authors also suggested that the unexpectedly high count of 10 Be in 11 Be decays reported in Ref. [35] and initially attributed to an enhanced βp channel due to an unknown resonance, may in fact be a sign of the neutron dark decay like in our Model 2, resulting in the nuclear decay channel § 11 Be → 10 Be + χ + φ .
An experiment determining whether the final state of 11 Be → 10 Be decays contains protons or not has very recently been performed at the CERN-ISOLDE facility [34, 37] . The results have not yet been published.
Final Thoughts
If the ongoing beam neutron lifetime measurements at NIST (National Institute of Standards and Technology) [38, 39] and J-PARC (Japan Proton Accelerator Research Complex) [40, 41] yield results which are still in disagreement with the bottle average, perhaps the best way to proceed would be to include a proton detection system in the bottle experiment. With enough precision, such an experiment would be capable of measuring the branching fraction of neutron beta decays independently from the beam experiment. This would directly test the premise that the discrepancy between bottle and beam results is due to neutron decays that do not produce a proton, and the test would be independent of any specific assumptions as to the nature of the non-proton final states.
It would be truly amazing if the good old neutron turned out to be the particle enabling us to probe the dark sector of the universe, binding even more closely the nuclear and particle physics communities. However, even if the neutron lifetime discrepancy gets resolved in favor of the Standard Model, the neutron dark decay with a reduced rate would still remain a viable scenario to consider in the quest of understanding the dark side of our universe. § According to Ref. [36] , the decay channel 11 Be → 10 Be +χ * → 10 Be + χ + φ is consistent with the observed SM decay rates of 11 Be as long as mχ > m n − S n ( 11 Be). This condition is well satisfied in the SIDM model of Ref. [25] , where mχ ≈ 800 GeV was adopted.
